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Relativistic stars in degenerate higher-order scalar-tensor theories after GW170817
Tsutomu Kobayashi1, ∗ and Takashi Hiramatsu1, †
1Department of Physics, Rikkyo University, Toshima, Tokyo 171-8501, Japan
We study relativistic stars in degenerate higher-order scalar-tensor theories that evade the con-
straint on the speed of gravitational waves imposed by GW170817. It is shown that the exterior
metric is given by the usual Schwarzschild solution if the lower order Horndeski terms are ignored
in the Lagrangian and a shift symmetry is assumed. However, this class of theories exhibits partial
breaking of Vainshtein screening in the stellar interior and thus modifies the structure of a star.
Employing a simple concrete model, we show that for high-density stars the mass-radius relation is
altered significantly even if the parameters are chosen so that only a tiny correction is expected in
the Newtonian regime. We also find that, depending on the parameters, there is a maximum central
density above which solutions cease to exist.
PACS numbers: 04.50.Kd
I. INTRODUCTION
The nearly simultaneous detection of gravitational
waves GW170817 and the γ-ray burst GRB 170817A [1–
3] places a very tight constraint on the speed of gravita-
tional waves, cGW. The deviation of cGW from the speed
of light is less than 1 part in 1015. This can be trans-
lated to constraints on modified gravity such as scalar-
tensor theories, vector-tensor theories, massive gravity,
and Horˇava gravity [4–9]. In particular, in the context
of the Horndeski theory (the most general scalar-tensor
theory having second-order equations of motion1) [12],
two of the four free functions in the action are strongly
constrained, leaving only the simple, traditional form of
nonminimal coupling of the scalar degree of freedom to
the Ricci scalar, i.e., the “f(φ)R”-type coupling.
However, it has been pointed out that there still re-
mains an interesting, nontrivial class of scalar-tensor the-
ories beyond Horndeski that can evade the gravitational
wave constraint as well as solar-system tests [4–6, 13–18].
Such theories have higher-order equations of motion as
they are more general than the Horndeski theory, but
the system is degenerate and hence is free from the dan-
gerous extra degree of freedom that causes Ostrogradski
instability. Earlier examples of degenerate higher-order
scalar-tensor (DHOST) theory are found in [19, 20], and
the degeneracy conditions are systematically studied and
classified at quadratic order in second derivatives of the
scalar field in [21, 22] and at cubic order in [23]. Degen-
erate theories can also be generated from nondegenerate
ones via noninvertible disformal transformation [24, 25].
One of the most interesting phenomenologies of
DHOST theories is efficient Vainshtein screening out-
∗Email: tsutomu@rikkyo.ac.jp
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1 The original form of the Horndeski action is different from
its modern expression obtained by extending the Galileon the-
ory [10]. The equivalence of the two apparently different theories
was shown in [11].
side matter sources and its partial breaking in the in-
side [26]. The partial breaking of screening modifies, for
instance, stellar structure [27, 28]. This fact was used to
test DHOST theories, or, more specifically, the Gleyzes-
Langlois-Piazza-Vernizzi (GLPV) subclass [20], against
astrophysical observations [29–34]. Going beyond the
weak-field approximation, relativistic stars in the GLPV
theory have been studied in [35, 36].
In this paper, we consider relativistic stars in DHOST
theories that are more general than the GLPV the-
ory but evade the constraint on the speed of gravita-
tional waves [4–6]. So far, this class of theories have
been investigated by employing the weak-field approx-
imation [13, 14, 16] and in a cosmological context [17].
Very recently, compact objects including relativistic stars
in the GLPV theory with cGW = 1 have been explored
in Ref. [37].
This paper is organized as follows. In the next section,
we introduce the DHOST theories with cGW = 1 and
derive the basic equations describing a spherically sym-
metric relativistic star. To check the consistency with the
previous results, we linearize the equations and see the
gravitational potential in the weak-field approximation in
Sec. III. Then, in Sec. IV, we give boundary conditions
imposed at the stellar center and in the exterior region.
Our numerical results are presented in Sec. V. We draw
our conclusions in Sec. VI. Since some of the equations
are quite messy, their explicit expression is shown in Ap-
pendix A.
II. FIELD EQUATIONS
The action of the quadratic DHOST theory we study
is given by
S =
∫
d4x
√−g
[
f(X)R+
5∑
I=1
LI + Lm
]
, (1)
2where R is the Ricci scalar, X := φµφµ, and
L1 := A1(X)φµνφµν , (2)
L2 := A2(X)(✷φ)2, (3)
L3 := A3(X)✷φφµφµνφν , (4)
L4 := A4(X)φµφµρφρνφν , (5)
L5 := A5(X)(φµφµνφν)2, (6)
with φµ = ∇µφ and φµν = ∇µ∇νφ. The functions
AI(X) must be subject to certain conditions in order
for the theory to be degenerate and satisfy cGW = 1, as
explained shortly. Here, shift symmetry is assumed and
the other possible terms of the formG2(X) andG3(X)✷φ
are omitted. In particular, we do not include the usual
kinetic term −X/2 in this paper.2 These assumptions
are nothing to do with the degeneracy conditions and
the cGW = 1 constraint to be imposed below. However,
with this simplification one can concentrate on the effect
of Vainshtein breaking.
Note in passing that the DHOST theories are equiv-
alent to the Horndeski theory with disformally coupled
matter. Therefore, the setup we are considering is in
some sense similar to that explored in Ref. [40]. However,
the crucial difference is that, in contrast to Ref. [40], our
theory corresponds to the case where the conformal and
disformal coupling functions depend on the first deriva-
tive of the scalar field.
We require that the speed of gravitational waves, cGW,
is equal to the speed of light [2]. In our theory cGW is
given by c2GW = f/(f −XA1) [41], so that
A1 = 0. (7)
The degeneracy conditions read
A2 = −A1 = 0, (8)
A4 = − 1
8f
(
8A3f − 48f2X − 8A3fXX +A23X2
)
, (9)
A5 =
A3
2f
(4fX +A3X) . (10)
We thus have two free functions, A3 and f , in the
quadratic DHOST sector with cGW = 1. This theory
has been explored recently in Refs. [4–7, 13, 14, 16, 17].
(See Ref. [18] for a different subclass with f = const and
A2 = −A1 6= 0.) Following Ref. [17], we introduce
B1 :=
X
4f
(4fX +XA3), (11)
2 The inclusion of the usual kinetic term −X/2 gives rise to an
interesting branch of asymptotically locally flat solutions with a
deficit angle, as has been recently explored in Ref. [37]. We leave
this possibility for future research. The appearance of a deficit
angle in the GLPV theory was pointed out earlier in Refs. [38,
39]. As we will see, our ansatz for the scalar field is different from
that assumed in Refs. [38, 39] (see Eq. (13) below). Probably this
is the reason why we can obtain spherically symmetric solutions
that are regular at the center.
and use this instead of A3. In the special case with B1 =
0 = A5, the action reduces to that of the GLPV theory.
We consider a static and spherically symmetric metric,
ds2 = −eν(r)dt2 + eλ(r)dr2 + r2dΩ2. (12)
The scalar field is taken to be
φ(t, r) = vt+ ψ(r), (13)
where v (6= 0) is a constant. Even though φ is linearly
dependent on the time coordinate, it is consistent with
the static spacetime because the action (1) possess a shift
symmetry, φ → φ + c, and φ without derivatives does
not appear in the field equations. This ansatz was also
used to obtain black hole solutions in the Galileon and
Horndeski theories in Refs. [42–46].
The field equations are given by
Eνµ = T νµ , (14)
∇µJµ = 0, (15)
where Eµν is obtained by varying the action with re-
spect to the metric and Jµ is the shift current defined
by
√−gJµ = δS/δφµ. The energy-momentum tensor is
of the form
T νµ = diag(−ρ, P, P, P ). (16)
The radial component of the conservation equations,
∇µT µν = 0, reads
P ′ = −ν
′
2
(ρ+ P ), (17)
where ′ := d/dr.
With direct calculation we find that
Jr ∝ Etr. (18)
Therefore, the gravitational field equation Etr = 0 re-
quires that Jr vanishes. Then, the field equation for the
scalar field (15) is automatically satisfied.
To write Eq. (14) and Jr = 0 explicitly, it is more
convenient to use X = −e−νv2+ e−λψ′2 instead of ψ. In
terms of X , we have
Ett = b1ν′′ + b2X ′′ + E˜t(ν, ν′, λ, λ′, X,X ′), (19)
Err = c1ν′′ + c2X ′′ + E˜r(ν, ν′, λ, λ′, X,X ′), (20)
ψ′Jr = c1ν
′′ + c2X
′′ + E˜J (ν, ν′, λ, λ′, X,X ′), (21)
where
b1 = 2fB1e
−λ
(
e−νv2
X
)
, (22)
b2 = b1
[
eν
v2
+
B1(3X + 4e
−νv2)
X2
− 4e
−νv2fX
Xf
]
, (23)
c1 = −2fB1e−λ
(
e−νv2 +X
X
)
, (24)
c2 = c1
[
B1(3X + 4e
−νv2)
X2
− 4e
−νv2fX
Xf
]
, (25)
3but the explicit expression of E˜t, E˜r, and E˜J are messy.
We see that Err and ψ′Jr have the same coefficients c1
and c2. Moreover, we find by an explicit computation
that Err and ψ′Jr are linearly dependent on λ′ and their
coefficients are also the same. Therefore, by taking the
combination Err − ψ′Jr one can remove ν′′, X ′′, and λ′.
Then, the field equation Err −ψ′Jr = P can be solved for
λ to give
eλ = Fλ(ν, ν′, X,X ′, P ), (26)
where
Fλ = 2X +B1rX
′
2X3(2f + r2P )
{
4e−νv2(fB1 −XfX)rX ′
+Xf [3B1rX
′ + 2X(1 + rν′)]
}
. (27)
Using Eq. (26), we can eliminate λ and λ′ from
Eqs. (19) and (21). In doing so we replace P ′ with ν′, ρ,
and P by using Eq. (17). We then obtain
ψ′Jr = k1ν
′′ + k2X
′′ + J1(ν, ν′, X,X ′, ρ, P ) = 0, (28)
where k1,2 = k1,2(ν, ν
′, X,X ′, P ). The field equation Ett+
ρ = 0 can also be written in the form
k1ν
′′ + k2X
′′ + J2(ν, ν′, X,X ′, ρ, P ) = 0. (29)
Note that we have the same coefficients k1 and k2. This
is due to the degeneracy conditions. We thus arrive at
a first-order equation, J1 = J2, which can be solved for
X ′ as
X ′ = F1(ν,X, ρ, P )ν′ + F2(ν,X, ρ, P )
r
, (30)
where F1 and F2 are complicated. Their explicit form
is presented in Appendix A. Finally, we use Eq. (30) to
eliminate X ′ and X ′′ from Eq. (28). This manipulation
also removes ν′′, as it should be because the theory is
degenerate. We thus arrive at
ν′ = F3(ν,X, ρ, ρ′, P ), (31)
where the explicit expression of F3 is extremely long and
is presented in Appendix A.
We have thus obtained our basic equations describ-
ing the Tolman-Oppenheimer-Volkoff system in DHOST
theories. Given the equation of state relating ρ and P ,
one can integrate Eqs. (17), (30), and (31) to determine
P = P (r), ν = ν(r), and X = X(r). Equation (26) can
then be used to obtain λ = λ(r).
III. NONRELATIVISTIC, WEAK-FIELD LIMIT
Since our procedure to obtain spherically symmetric
solutions is different from that of previous works [13, 14,
16, 17], it is a good exercise to check here that one can
reproduce the previous result in a nonrelativistic, weak-
field limit.
We write
ν = δν, λ = δλ, X = −v2 + δX, (32)
and derive linearized equations for a nonrelativistic
source with P = 0. It is straightfoward to derive
Fλ ≃ 1 + r
(
δν′ +
2fX
f
δX ′
)
, (33)
F1 ≃ − v
2f
2v2fX + fB1
, (34)
F2 ≃ f(δX − v
2δν)
2v2fX + fB1
−
(
v2
v2fX + fB1
)
r2ρ
8
, (35)
F3 ≃ δX − v
2δν
rv2
− 4πGNrρ
+ 2πGN
[
−12v
2fX
f
+
(1− 3B1)B1f
v2fX + fB1
]
rρ
+ 2πGNΥ1r
2ρ′, (36)
where we introduced
8πGN :=
1
2f(1− 3B1) + 4XfX
∣∣∣∣
X=−v2
, (37)
and
Υ1 := − (−2XfX + fB1)
2
f(−XfX + fB1)
∣∣∣∣
X=−v2
. (38)
We will see below that GN can indeed be regarded as
the Newton constant. We then solve the following set of
equations:
δλ = Fλ − 1, (39)
δX ′ = F1δν′ + F2
r
, (40)
δν′ = F3. (41)
Combining Eqs. (40) and (41), the following second-order
equation for δν can be derived,
δν′′ +
2
r
δν′ = 2GN
[
M ′
r2
+Υ1
(
M ′′
2r
+
M ′′′
4
)]
, (42)
where M(r) is the enclosed mass defined as
M(r) := 4π
∫ r
ρ(s)s2ds. (43)
Equation (42) can be integrated to give
δν′ =
C0
r2
+ 2GN
(
M
r2
+
Υ1
4
M ′′
)
, (44)
where C0 is an integration constant. Combining Eqs. (40)
and (41) again, we obtain
δX = v2δν +
v2C0
r
+
2v2GNM
r
+ v2GN
[
1 +
2v2fX
f
− (1−B1)fB1
2(v2fX + fB1)
]
M ′. (45)
4Finally, we use Eq. (39) to get
δλ =
C0
r
+ 2GNr
(
M
r2
− 5Υ2
4
M ′
r
+ Υ3M
′′
)
, (46)
where
Υ2 :=
8XfX
5f
∣∣∣∣
X=−v2
, (47)
Υ3 := −B1
4
(−2XfX + fB1
−XfX + fB1
)∣∣∣∣
X=−v2
. (48)
Imposing regularity at the center, we take C0 = 0.
We may set M ′ = 0 and M ′′ = 0 outside the source,
and then we have δν = −δλ = −2GNM/r, which coin-
cides with the solution in general relativity if GN is iden-
tified as the Newton constant. Gravity is modified only
inside the matter source, and we have seen that there are
three parameters, Υ1,2,3, that characterize the deviation
from the standard result. They are subject to
2Υ21 − 5Υ1Υ2 − 32Υ23 = 0, (49)
so that actually only two of them are independent. Note
that in the case of the GLPV theory, one has B1 = 0,
and hence Υ2 = 2Υ1/5 and Υ3 = 0.
To see that the previous result is correctly reproduced,
we perform a small coordinate transformation
̺ = r
[
1 +
1
2
∫ r δλ(r′)
r′
dr′
]
. (50)
The metric then takes the form
ds2 = −(1 + 2Φ)dt2 + (1− 2Ψ) (d̺2 + ̺2dΩ2) , (51)
where
Φ =
δν
2
, Ψ =
1
2
∫ r δλ(r′)
r′
dr′. (52)
Thus, we can confirm that Eq. (52) reproduces the pre-
vious result found in the literature [13, 14, 16, 17].
Constraints on the Υ parameters have been obtained
from astrophysical observations in the case of Υ3 =
0 [27, 29–36]. For example, the mass-radius relation
of white dwarfs yields the constraint −0.18 < Υ1 <
0.27 [31]. This is valid even in the case of Υ3 6= 0, because
the constraint comes only from Φ in such nonrelativistic
systems. To probe Ψ, one needs nonrelativistic systems
and/or observations based on propagation of light rays
such as gravitational lensing, and a tighter constraint has
been imposed on Υ1 combining the information on Ψ [32].
However, this relies on the assumption that Υ3 = 0. For
this reason, it is important to study relativistic stars in
theories with Υ3 6= 0.
Another constraint can be obtained from the Hulse-
Taylor pulsar, which limits the difference between GN
and the effective gravitational coupling for gravitational
waves, GGW = 1/16πf(−v2) [47]. The constraint
reads [16]
GGW
GN
− 1 = 2XfX
f
− 3B1
∣∣∣∣
X=−v2
< O(10−3). (53)
Note, however, that this constraint is based on the as-
sumption that the scalar radiation does not contribute
to the energy loss, whose validity must be ascertained in
the Vainshtein-breaking theories.
IV. BOUNDARY CONDITIONS
A. Boundary conditions at the center
To derive the boundary conditions at the center of a
star, we expand
ν = νc +
ν2
2
r2 + · · · , X = Xc
(
1 +
X2
2
r2 + · · ·
)
,
ρ = ρc +
ρ2
2
r2 + · · · , P = Pc + P2
2
r2 + · · · , (54)
where
Xc := −e−νcv2. (55)
In deriving the relation (55) we used regularity at the
center, φ′(t, 0) = ψ′(0) = 0. We then expand Fλ, F1, F2,
and F3 around r = 0 to obtain
Fλ ≃ 1 + aλr2, F1 ≃ a1,
F2 ≃ a2r2, F3 ≃ a3r, (56)
where
aλ := ν2 +
4XcX2fX(Xc)− Pc
2f(Xc)
, (57)
a1 :=
Xcf(Xc)
f(Xc)B1(Xc)− 2XcfX(Xc) , (58)
while a2 and a3 are similar but slightly more messy.
Equation (26) implies eλ ≃ 1 + aλr2, so that we find
λ = aλr
2 + · · · . (59)
Equations (30) and (31) reduce to the following algebraic
equations
XcX2 = a1ν2 + a2, ν2 = a3, (60)
leading to
ν2 =
8πGc
3
(ρc + 3Pc)
+ 4πGc [η1ρc + (5η2 + 12η3)Pc] , (61)
X2 = −8πGc
[
2ρc + 3Pc − 4η3
η1 + 4η3
(ρc − 3Pc)
]
, (62)
5where
η1 := − (−2XfX + fB1)
2
f(−XfX + fB1)
∣∣∣∣
X=Xc
, (63)
η2 :=
8XfX
5f
∣∣∣∣
X=Xc
, (64)
η3 := −B1
4
(−2XfX + fB1
−XfX + fB1
)∣∣∣∣
X=Xc
, (65)
and we defined the effective gravitational constant at the
center as
8πGc :=
1
2f(1− 3B1) + 4XfX
∣∣∣∣
X=Xc
. (66)
The above quantities are defined following Eqs. (37),
(38), (47), and (48), but now they are evaluated at the
center, X = Xc. If gravity is sufficiently weak and the
Newtonian approximation is valid, we have |νc| ≪ 1 and
hence Xc ≃ −v2, leading to Gc ≃ GN and ηi ≃ Υi. In
this case, corrections to the standard expression for the
metric near r = 0 are small as long as Υi ≪ 1. However,
if the system is in the strong gravity regime, Xc may
differ significantly from −v2 and therefore the internal
structure of relativistic stars may be modified notably
even in theories where only a tiny correction is expected
in the Newtonian regime.
Finally, from Eq. (17) we get
P2 = −ν2
2
(ρc + Pc). (67)
Now, given νc and ρc (or Pc), Eqs. (17), (30), and (31)
can be integrated from the center outward. Let us move
to the boundary conditions outside the star.
B. Exterior solution
For ρ = P = 0, Eqs. (30) and (31) reduce to the fol-
lowing simple set of equations:
X ′ = 0, ν′ = −X + e
−νv2
rX
. (68)
This can be integrated to give
X = −v2, eν = 1− C
r
, (69)
where C is an integration constant and we imposed that
ψ′ → 0 as r→∞. We then have
eλ = Fλ(ν, ν′,−v2, 0, 0) = 1 + ν′r
=
(
1− C
r
)−1
. (70)
The exterior metric is thus obtained exactly with-
out linearizing the equations, which coincides with the
Schwarzschild solution in general relativity. The stellar
interior must be matched to this exterior solution. It will
be convenient to write
C = 2GNµ, (71)
because then µ is regarded as the mass of the star.
C. Matching at the stellar surface
The stellar surface, r = R, is defined by P (R) = 0. The
induced metric is required to be continuous across the
surface, so that ν must be continuous there. Since X =
φµφ
µ is a spacetime scalar, it is reasonable to assume
that this quantity is also continuous across the surface.
We thus have the two conditions imposed at r = R:
eν(R) = 1− 2GNµ
R
, (72)
X(R) = −v2. (73)
We tune the central value νc in order for the solution to
satisfy Eq. (73). The second condition (72) is used to
determine the integration constant µ. As we have seen
in the previous section, µ =M(R) in the nonrelativistic,
weak-field limit. In the present case, however, µ does
not necessarily coincide with M(R) because the nonrel-
ativistic and weak-field approximations are not justified
in general for our interior solutions.
Note that in general we may have ρ′− := ρ
′(R−) 6= 0
while ρ′(R+) = 0, where R± := limε→0 R(1 ± ε). As
a particular feature of the DHOST theories with par-
tial breaking of the Vainshtein mechanism, the right-
hand side of Eq. (31) depends on ρ′ [35]. This implies
that ν′ is discontinuous across the stellar surface. Then,
from Eq. (30) we see that X ′ is also discontinuous across
the surface. Furthermore, since the right hand side of
Eq. (26) depends on ν′ and X ′, λ is also discontinuous
there in general. With some manipulation we see that
1− e[λ(R−)−λ(R+)]/2
= πGNρ
′
−R
3B1
[
2e−ν(R) − B1f
B1f −XfX
]∣∣∣∣
X=−v2
,
(74)
which shows that λ is nevertheless continuous in theories
with B1 = 0. However, it is found that
X ′(R+)−X ′(R−)
= 2πGNρ
′
−R
2X
[
2e−ν(R) − B1f
B1f −XfX
]∣∣∣∣
X=−v2
,
(75)
and therefore X ′ is discontinuous even if B1 = 0. This
is also the case for ν′. In the next section, we will show
our numerical results in which one can find these discon-
tinuities.
6V. NUMERICAL RESULTS
As a specific example, we study the model of Ref. [17]:
f =
M2Pl
2
+ αX2, A3 = −8α− β, (76)
where α and β are constants. Note that we are using the
notation such that 8πGN 6=M−2Pl . We have
B1 = − βX
2
2(M2Pl + 2αX
2)
, (77)
and hence the model with β 6= 0 is more general than
the GLPV theory. For this choice of the functions the
degeneracy conditions (9) and (10) leads to
A4 =
M2Pl(8α+ β) + (16α
2 − 6αβ − β2/4)X2
M2Pl + 2αX
2
, (78)
A5 =
β(8α+ β)X
M2Pl + 2αX
2
. (79)
This model, with the addition of the lower order Horn-
deski terms, admits viable self-accelerating cosmological
solutions [17], and therefore is interesting.
Hereafter we will use the dimensionless parameters de-
fined as
α :=
αv4
M2Pl
, β :=
βv4
M2Pl
. (80)
The parameters that characterize Vainshtein breaking in
the Newtonian regime, Υi, can then be estimated as
Υi ∼ α, β. (81)
From Eq. (53) we also estimate
GGW
GN
− 1 ∼ α, β. (82)
Therefore, by taking sufficiently small α and β (say,
O(10−3)), current constraints can be evaded. In the fol-
lowing numerical calculations, we will employ such small
values of the parameters.
The equation of state we use is given by
ρ =
(
P
K
)1/2
+ P, (83)
with K = 7.73× 10−3 (8πGN )3M2⊙ (K = 123M2⊙ in the
units where GN = 1), which has been used frequently in
the modifed gravity literature [35, 48–51]. With this sim-
ple equation of state we focus on the qualitative nature
of the solutions.
We start with the theories with β = 0 and focus on
the effect of α. Figures 1 and 2 show the mass (µ) versus
central density relation and the mass versus radius rela-
tion, respectively. In all cases α is taken to be very small
so that the Vainshtein-breaking effect is not significant in
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FIG. 1: The mass (µ) versus central density diagram for
β = 0. The parameters are given by α = 2× 10−3, 10−3, 4×
10−4, 2 × 10−4, 10−4, 0 (GR) (solid lines, from top to bot-
tom), and α = −10−4,−2×10−4,−4×10−4,−10−3,−2×10−3
(dashed lines, from top to bottom).
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FIG. 2: The mass (µ) versus radius diagram for β = 0. The
parameters are given by α = 2 × 10−3, 10−3, 4 × 10−4, 2 ×
10−4, 10−4, 0 (GR) (solid lines, from right to left), and α =
−10−4,−2×10−4,−4×10−4,−10−3,−2×10−3 (dashed lines,
from top to bottom).
the Newtonian regime. It can be seen that for fixed ρc or
R the mass is larger (smaller) for α > 0 (α < 0) than in
the case of general relativity (GR). Interestingly, there is
a maximum central density, ρc,max, above which no solu-
tion can be found. This property is similar to what was
found in Ref. [48], where the subclass of the Horndeski
theory having derivative coupling to the Einstein tensor
was studied. For α . 2 × 10−4, we see that µ < ∞ as
ρc → ρc,max, but for α & 2 × 10−4 we find that µ → ∞
and R→∞ as ρc → ρc,max. Therefore, in the latter case
there are solutions at high densities that are very differ-
ent from relativistic stars in GR. Note that this occurs
even for a tiny value of α.
Next, we fix α = 0 and draw the same diagrams for
7 0
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
1014 1015 1016 1017 1018
µ/
M
su
n
ρc [g/cc]
FIG. 3: The mass (µ) versus central density diagram for
α = 0. The parameters are given by β = 2 × 10−3, 10−3, 4 ×
10−4, 2 × 10−4, 10−4, 0 (GR) (solid lines, from top to bot-
tom), and β = −10−4,−2×10−4,−4×10−4,−10−3,−2×10−3
(dashed lines, from top to bottom).
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FIG. 4: The mass (µ) versus radius diagram for α = 0. The
parameters are given by β = 2 × 10−3, 10−3, 4 × 10−4, 2 ×
10−4, 10−4, 0 (GR) (solid lines, from right to left), and β =
−10−4,−2×10−4,−4×10−4,−10−3,−2×10−3 (dashed lines,
from top to bottom).
different (small) values of β. The results are presented in
Figs. 3 and 4, which are seen to be qualitatively similar
to Figs. 1 and 2, respectively. Therefore, although β is
supposed to signal the “beyond GLPV” effects, they are
not manifest and the roles of the two parameters α and
β in relativistic stars are qualitatively similar. We have
performed numerical calculations for more general cases
with α 6= 0 and β 6= 0, and confirmed that they also lead
to qualitatively similar results.
Just for reference some examples of radial profiles of
the metric and X in the stellar interior are presented in
Figs. 5 and 6 for (α, β) = (±2 × 10−3, 0) and in Figs. 7
and 8 for (α, β) = (0,±2 × 10−3). As mentioned in
Sec. IVC, one can find that X ′ is nonvanishing at the
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FIG. 5: Metric components eν and e−λ as a function of r.
The parameters are given by α = 2 × 10−3, β = 0 (dashed
lines) and α = −2 × 10−3, β = 0 (dotted lines). Solid lines
represent the result of GR.
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FIG. 6: X/v2 as a function of r. The parameters are given by
α = 2× 10−3, β = 0 (dashed line) and α = −2× 10−3, β = 0
(dotted line).
surface, leading to the discontinuity of X ′, and that e−λ
does not agree with eν there in Fig. 7, indicating the
discontinuity of e−λ since eν must be continuous.
VI. CONCLUSIONS
In this paper, we have studied the Tolman-
Oppenheimer-Volkoff system in degenerate higher-order
scalar-tensor (DHOST) theory that is consistent with
the GW170817 constraint on the speed of gravitational
waves. Although the field equations are apparently of
higher order, we have reduced them to a first-order sys-
tem by combining the different components. This is pos-
sible because the theory we are considering is degenerate.
In DHOST theories that are more general than Horn-
deski, breaking of the Vainshtein screening mechanism
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The parameters are given by α = 0, β = 2 × 10−2 (dashed
lines) and α = 0, β = −2 × 10−2 (dotted lines). Solid lines
represent the result of GR.
-9
-8
-7
-6
-5
-4
-3
-2
-1
 0
 1
 2
 0  2  4  6  8  10  12  14  16  18  20
X/
v2
r [km]
β=2x10-3
β=-2x10-3
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occurs inside matter [13, 14, 16, 26], which would mod-
ify the interior structure of stars. Assuming a simple
concrete model of DHOST theory with two parameters
and the equation of state, we have solved numerically
the field equations. The parameters were chosen so that
the Vainshtein-breaking effect in the Newtonian regime
is suppressed by the factor Υi . 10
−3. Nevertheless,
we have found a possible large modification in the mass-
radius relation. This is significant in particular at den-
sities as high as the maximum above which no solutions
can be obtained.
In this paper, we have focused on the rather qualitative
nature of relativistic stars in the DHOST theory, but it
would be important to employ more realistic equations
of state for testing the theory against astrophysical ob-
servations. This is left for further study. It would be also
interesting to explore to what extent the modification
to the stellar structure depends on the concrete form of
the DHOST Lagrangian. We hope to come back to this
question in a future study.
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9Appendix A: Explicit form of F1,F2, and F3
Here we present the explicit expression for F1, F2, and F3 that appear in Eqs. (30) and (31):
F1 = U1
V
, F2 = U2
V
, F3 = U3
W
, (A1)
where
U1
2feνX2
= 2r2v2(P + ρ) (B1f −XfX) + e
νX
{
B1f
[
r2(ρ− 5P )− 8f
]
+ 2XfX
(
4f + Pr2
)}
, (A2)
U2
2feνX2
= −2v2 (B1f −XfX)
[
4f + r2(P − ρ)
]
+ eνX
{
B1f
[
r2(ρ − 5P )− 8f
]
+ 2XfX
(
4f + Pr2
)}
, (A3)
V = −8r2v4(P + ρ) (B1f −XfX)
2 + 2eνv2X (XfX − B1f)
{
B1f
[
r2(5ρ− 9P )− 20f
]
+ 4XfX
(
4f + Pr2
)}
+ 3B1fe
2νX2
{
B1f
[
8f + r2(5P − ρ)
]
− 2XfX
(
4f + Pr2
)}
, (A4)
U3 = −16e
3νfr4f2
X
[
B1(XfX − 2f) +X(fB1X + fX −XfXX)
]
(ρ− 3P )2X5
+ 8e2νr2(fB1 −XfX)
2
{
16
[
eνfX + (v
2 + eνX)fXX
]
(3P − ρ)f2
+ 2
[
fXX(ρ− 3P )((2v
2 + eνX)ρ − (2v2 + 5eνX)P )r2 + eνfX(ρ
2
− 8Pρ+ 15P 2)r2
+ 4f2
X
(6(v2 + 2eνX)ρ − 18(v2 + 2eνX)P + r(v2 + 3eνX)ρ′)
]
f
+ r2f2
X
[
(−408eνXP 2 + (8(21v2 + 29eνX)ρ+ r(28v2 + 33eνX)ρ′)P
− ρ(8(7v2 + 4eνX)ρ + r(16v2 + 9eνX)ρ′)
]}
X4
− 2e2νr2fX(4fB1 − 4XfX)(3P − ρ)
{
−eνr2f2
X
(10ρ − 30P + 3rρ′)X3
+ 16f2(v2 + eνX)
[
B1(XfX − 2f) +X(fB1X + fX −XfXX)
]
+ 2fr2
[
ρ(eνX3fXX − (2v
2 + eνX)(B1(XfX − 2f) +X(fB1X + fX −XfXX)))
− (3eνX3fXX − (2v
2 + 5eνX)(B1(XfX − 2f) +X(fB1X + fX −XfXX)))P
]}
X3
+ 8eν(fB1 −XfX)
3
{
fX
[
2(68v4 − 24eνXv2 − 305e2νX2)P 2 + (4(8v4 + 122eνXv2 + 73e2νX2)ρ
+ r(12v4 + 76eνXv2 + 39e2νX2)ρ′)P − (2v2 + eνX)ρ(52ρv2 + 34eνXρ+ r(14v2 + 9eνX)ρ′)
]
r4
+ 2f
[
eν(ρ− 5P )((2v2 + eνX)ρ − (2v2 + 5eνX)P )r2 + 8fX(3(2v
4 + 9eνXv2 + 5e2νX2)ρ
+ 3(2v4 − 9eνXv2 − 19e2νX2)P + r(v4 + 6eνXv2 + 3e2νX2)ρ′)
]
r2 + 128eνf3(v2 + eνX)
+ 16eνf2
[
−(3v2 + 2eνX)ρr2 + (7v2 + 10eνX)Pr2 − 8X(v2 + eνX)fX
]}
X2
− 8(fB1 −XfX)
4
{
4(16v6 − 60eνXv4 + 20e2νX2v2 + 75e3νX3)P 2r4
+ (2v2 + eνX)2(4v2 + 3eνX)ρ(4ρ + rρ′)r4 − 8eνfX(2v2 + eνX)
[
6(4v2 + 3eνX)ρ+ r(5v2 + 3eνX)ρ′
]
r2
− P
[
−(2v2 + eνX)(8(8v4 − 12eνXv2 − 15e2νX2)ρ+ r(8v4 − 18eνXv2 − 15e2νX2)ρ′)r2
− 48eνfX(−8v4 + 10eνXv2 + 15e2νX2)
]
r2 + 384e2νf2X2(v2 + eνX)
}
, (A5)
W
r
= 16e3νfr4f2
X
[
B1(XfX − 2f) +X(fB1X + fX −XfXX)
]
(ρ− 3P )2X5
− 4e2νr2(fB1 −XfX)
2
{[
3r2(16v2 − 77eνX)P 2 + 4
(
(3v2 + 71eνX)ρr2 + 6f(v2 − 9eνX)
)
P
+ ρ(24f(v2 + 7eνX)− r2(36v2 + 61eνX)ρ)
]
f2
X
− 4eνf(ρ− 3P )(−ρr2 + 5Pr2 + 8f)fX
− 4ffXX(ρ− 3P )
[
−2v2ρr2 − (2v2 − 5eνX)Pr2 + eνX(8f − r2ρ)
]}
X4
+ e2νr2fX(4fB1 − 4XfX)(3P − ρ)
{
−eνr2f2
X
(17ρ − 15P )X3 + 32eνf2
[
B1(XfX − 2f) +X(fB1X + fX −XfXX)
]
X
+ 4fr2
[
ρ
(
eνX3fXX − (2v
2 + eνX)(B1(XfX − 2f) +X(fB1X + fX −XfXX))
)
−
(
3eνfXXX
3 + (2v2 − 5eνX)(B1(XfX − 2f) +X(fB1X + fX −XfXX))
)
P
]}
X3
− 4eν(fB1 −XfX)
3
{
4eνf(−ρr2 + 5Pr2 + 8f)
[
−2v2ρr2 − (2v2 − 5eνX)Pr2 + eνX(8f − r2ρ)
]
− fX
[
5(20v4 − 40eνXv2 + 79e2νX2)P 2r4 + 4v4ρ(12f − 5r2ρ)r2 + 36eνv2Xρ(3r2ρ− 4f)r2
+ 2
(
(40v4 − 46eνXv2 − 199e2νX2)ρr2 + 24f(v4 − 3eνXv2 + 18e2νX2)
)
Pr2 + e2νX2(71ρ2r4 − 480fρr2 + 256f2)
]}
X2
+ 4(fB1 −XfX)
4
{
−48r4ρ2v6 + 12eνr2Xρ(ρr2 + 20f)v4 + 8e2νr2X2ρ(9r2ρ− 47f)v2
− r4(48v6 − 180eνXv4 + 200e2νX2v2 − 225e3νX3)P 2 + 3e3νX3(9ρ2r4 − 104fρr2 + 256f2)
− 4r2
[
24r2ρv6 − 12eνX(4ρr2 + 5f)v4 + 2e2νX2(16ρr2 + 47f)v2 − 15e3νX3(14f − 3r2ρ)
]
P
}
. (A6)
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